Prefrontal dopamine loss delays extinction of cued fear conditioning responses, but its role in contextual fear conditioning has not been explored. Medial prefrontal lesions also enhance social interaction in rats, but the role of prefrontal dopamine loss on social interaction memory is not known. Besides, a role for subcortical accumbal dopamine on mnesic changes after prefrontal dopamine manipulation has been proposed but not explored. The objective was to study the involvement of dopaminergic neurotransmission in the medial prefrontal cortex (mPFC) and nucleus accumbens in two mnesic tasks: contextual fear conditioning and social interaction memory. For contextual fear conditioning, short-and long-term freezing responses after an electric shock were studied, as well as extinction retention. Regarding social interaction memory, the recognition of a juvenile, a very sensitive short-term memory test, was used. Dopamine loss was carried out by injection of 6-hydroxydopamine, and postmortem catecholamine levels were analyzed by high-performance liquid chromatography. Prefrontocortical dopamine loss (476%) led to a reactive enhancement of accumbal dopamine content (po0.01), supporting the hypothesis that a hyperdopaminergic tone emerges in the nucleus accumbens after prefrontocortical dopamine loss. In lesioned rats, long-term extinction of contextual fear conditioning was significantly delayed and extinction retention was impaired without changes in acquisition and short-term contextual fear conditioning and, on the other hand, acquisition and short-term social interaction memory were not affected, although time spent on social interaction was significantly reduced. Added dopamine loss in the nucleus accumbens (476%) did not alter these behavioral changes. In summary, the results of the present study indicate that the dopaminergic network in the mPFC (but not in the nucleus accumbens) coordinates the normal long-term extinction of contextual fear conditioning responses without affecting their acquisition, and it is involved in time spent on social interaction, but not acquisition and short-term social interaction memory.
INTRODUCTION
The prefrontal cortex is known to be involved in mnesic processes, although its participation is organized independently in different prefrontocortical regions. Among these regions, the medial prefrontal cortex (mPFC) has extensive bidirectional connections with the hippocampus and amygdala, which supports a role of this structure on mnesic processes (Goldman-Rakic et al, 1984; von Hoesen et al, 1972 von Hoesen et al, , 1975 . Thus, the medial part has been proposed to participate in short-term object memory in rats and monkeys (Kowalska et al, 1991) , and the lesion of this region is also known to interfere with the extinction of cued conditioned fear responses (Morgan et al, 1993; Morgan and LeDoux, 1995; Quirk et al, 2000) , although negative results have also been reported (Gewirtz et al, 1997) . The role of the mPFC in contextual conditioned fear, a type of memory that is dependent on both hippocampal and amygdala function, has been little explored, and it is known that prefrontocortical lesions do not affect acquisition and extinction of contextual conditioned fear (Morgan et al, 1993) . The mPFC has also been involved in social interaction, because medial prefrontal transection is known to enhance social interaction in rats Tucci et al, 2000) , but its role on mnesic processes during social interaction is not known.
The mPFC also plays an important role in the dopaminergic system network, since it receives input from the mesocortical dopamine (DA) system, and sends efferents to the nucleus accumbens, dorsal striatum, and midbrain DA cell groups Pycock, 1978, 1980; Pycock et al, 1980; Glowinski et al, 1984; Grace, 1991; Roberts et al, 1994; Kolachana et al, 1995; Kurachi et al, 1995) . Dopaminergic activity in the mPFC is quite important in the neuromodulation of the 'cognitive functions' of the prefrontal cortex. However, the mesocortical dopaminergic neuromodulation is not straightforward, because the relation between prefrontal dopamine and 'cognitive performance' in memory tests depends on the nature of the task (Roberts et al, 1998) . Thus, while prefrontal dopamine loss is known to impair performance on delayed alternation or delayed response in rats and monkeys (Murphy et al, 1996) , the extinction of cued conditioned fear responses is delayed (Morrow et al, 1999) , which indicates that the prefrontal cortex and its dopaminergic network 'organize' differently the behavioral response to varying motivational or mnesic demands (Roberts et al, 1998) . In this respect, the effects of prefrontal dopamine loss in contextual fear conditioning or social interaction memory have not been explored. Furthermore, after prefrontal dopamine manipulation, a role of the subcortical mesoaccumbal DA system on fear conditioning or social interaction changes has been proposed, since prefrontal dopamine inhibits corticofugal excitatory neurons that innervate accumbal and DA midbrain cell regions, and accumbal dopamine metabolism is enhanced during fear conditioning (Morrow et al, 1996 (Morrow et al, , 1999 and social interaction . However, such a role of the accumbal dopaminergic system in fear conditioning tasks or social interaction memory has not been explored. The objective of this study was to study the involvement of dopaminergic neurotransmission in the mPFC and nucleus accumbens in contextual fear conditioning and social interaction memory tests. For contextual fear conditioning, freezing responses after an electric shock were studied. Regarding social interaction memory, the recognition of a juvenile was used (Dantzer et al, 1987) . Short-term memory, as measured through this test, is disrupted after lesions of the septohippocampal pathway and is very sensitive to cholinergic drugs (Pério et al, 1989) .
MATERIALS AND METHODS

Animals and Ethics
Male Wistar rats (275-325 g) from the breeding colony of the Faculty of Medicine of the University of Seville, Spain, were singly housed in the vivarium. Laboratory temperature was kept at 22 7 11C, and a 12-h light-dark cycle (lights on at 08:00 h) was maintained throughout the experiment. Food (lab chow) and water were available ad lib. Experiments were performed in accordance with the European Communities Council Directive for the employment of laboratory animals (86/609/EEC).
Experiments and Groups
The behavioral effects and neurochemical changes in both the mPFC and nucleus accumbens after prefrontal dopamine loss were studied in experiment 1. For this experiment, rats subjected to contextual fear conditioning were randomly assigned to two groups: (i) sham-lesioned rats (n ¼ 12), and (ii) 6-OHDA-induced lesioned rats in the mPFC (n ¼ 12). Each group was subdivided into two subgroups (see the 'Behavioral testing' section for more details): (i) sham rats 'with electric shock' (shocked, n ¼ 6) or 'without electric shock' (nonshocked, n ¼ 6), and (ii) lesioned rats 'with electric shock' (shocked, n ¼ 6) or 'without electric shock' (nonshocked, n ¼ 6). Those rats subjected to social interaction were randomly assigned to two groups: (i) sham-lesioned rats (n ¼ 33), and (ii) 6-OHDA-induced lesioned rats in the mPFC (n ¼ 32). Each group was subdivided into two subgroups: (i) sham rats interacting with a familiar juvenile (n ¼ 17) or with an unfamiliar juvenile (n ¼ 16), and (ii) lesioned rats interacting with a familiar juvenile (n ¼ 16) or with an unfamiliar juvenile (n ¼ 16). The behavioral and neurochemical effects of dopamine loss in both the mPFC and nucleus accumbens were studied in experiment 2. Rats were randomly assigned to two groups: (i) sham rats (fear conditioning, n ¼ 9; social interaction, n ¼ 18), and (ii) 6-OHDA-induced lesioned rats in both the mPFC and nucleus accumbens (fear conditioning, n ¼ 7; social interaction, n ¼ 17). A valid DA loss in both mPFC and nucleus accumbens was considered when dopamine levels were depleted beyond 75%, and mPFC noradrenaline (NA) contents were not significantly diminished, as measured by HPLC. Only those rats that met these criteria were selected for the statistical analysis. These animals are those where dopamine levels are reliably reduced beyond the range where compensatory mechanisms are able to restore normal dopaminergic activity, if moreover noradrenergic activity is not affected in the mPFC (Venator et al, 1999) . Thus, although 59 (experiment 1) and 32 rats (experiment 2) were lesioned with 6-OHDA, only 44 (experiment 1) and 24 rats (experiment 2) fulfilled these criteria.
Prefrontocortical and Accumbal Lesions with 6-OHDA Rats were injected with desipramine (15 mg/kg i.p.), 30 min before 6-OHDA lesion in order to protect noradrenergic terminals from 6-hydroxydopamine toxicity. Then rats were anesthetized with chloral hydrate (425 mg/kg i.p.), and placed into a David Kopf stereotaxic apparatus with the incisor bar set 3.3 mm below the interaural line. After scalp incision, burr holes were drilled over the injection sites and a blunted 30-gauge cannula, connected to a 10 ml Hamilton syringe, was lowered to the injection site. The following coordinates were used: AP ¼ +3.5 mm with respect to bregma, L ¼ 7 0.8, V ¼ À3.3, À4.3 (Paxinos and Watson, 1997) . At each of the two injection sites (corresponding to the prelimbic and infralimbic cortex, respectively), 1 ml of a solution containing 6-OHDA (3 mg/ml; RBI, USA), 0.9% saline, and 0.2% ascorbic acid was injected over a 6-min period with a Ranzel delivery pump. The cannula was left in place for 1 min after the injections, and then slowly withdrawn. The same protocol was used for sham-operated rats, except that only the saline solution (0.9% NaCl plus 0.2% ascorbic acid) was injected (Espejo, 1997; Espejo and Miñano, 2001 ). Immediately after surgery, the rats were given an intramuscular injection of the antibiotic ceftriazone (10 mg/0.2 ml).
Regarding experiment 2, rats were lesioned in both the mPFC and nucleus accumbens. Following a similar meth-odology to that explained above, the blunted cannula was also lowered to the nucleus accumbens after prefrontocortical lesion, at the following coordinates: AP ¼ 7 1.5 mm, L ¼ +1.5, V ¼ À7 (Paxinos and Watson, 1997) . At each site, 1 ml of a 6-OHDA solution (5 mg/ml) was injected. The same protocol was used for sham-operated rats, except that only the saline solution was injected in both the mPFC and nucleus accumbens. Intra-accumbal toxin injection affected the shell and core territories of the nucleus accumbens, since a volume of 0.5 ml is known to spread about a distance of 1 mm 3 (Routtenberg, 1972) .
Behavioral Testing
Two weeks after surgery, contextual fear conditioning and social memory tests were carried out. Regarding fear conditioning, the conditional chamber was made of transparent Plexiglas on every side, and a 36-bar insulated shock grid floor. The chamber was ever surrounded by the same spatial cues or colored objects and a background white noise (75 dB) was maintained throughout the experiments (conditioned stimuli, CS). The floor was removable, and after each experimental subject, it was cleaned up with alcohol. The grid floor was connected to a Shocker to deliver electric shocks. Rats were placed in the conditioning chamber for 3 min before the onset of the US (three electric shocks, 1 mA for 4 s, 10 s apart, offset-to-onset). This test is very appropriate for the study of memory because robust learning can be triggered with a single 3 min trial. After the last CS/US pairing, the rat was left in the conditioning chamber for another 30 s and the duration of freezing was quantified. A complete immobility response in an alerting posture (with respiratory movements only) was considered as freezing. Later, lesioned and sham rats were repeatedly tested at 30 min, 3 h, 1, 3, and 5 days after the conditioning test (F0.5h, F3h, F1d, F3d, F5d tests), to give an index of long-term extinction of freezing, whose absolute duration was quantified during 5 min in the chamber where the rats were shocked. Moreover, freezing duration was also quantified in smaller time bins (every 60 s) in order to give a within-session extinction index as well as to calculate the percentage of recovery of freezing between sessions, index of extinction retention (Quirk et al, 2000) . Thus, withinsession extinction was calculated as the difference of percent freezing duration between the last and the first minute of each test. Spontaneous recovery was calculated as the difference between percent freezing duration between the first minute of a test session and the last minute of the previous session. For experiment 1, separate groups of sham and lesioned rats (referred to as 'nonshocked' groups) were tested following the same protocol except for the fact that the electric shock was not delivered, in order to detect if changes in freezing in lesioned rats were because of a specific response to the aversive stimulus or a nonspecific increase relative to sham rats. Regarding the social interaction tests, experiments were carried out in the rats' cages. Juvenile male Wistar rats (3-week old, 40-50 g) were isolated in individual cages 30 min before the experiments. An unfamiliar juvenile conspecific was introduced in the adult's cage for a first exploration period (P1, 5 min), after which the juvenile was returned to the isolation box. The delay period was followed by a second 5-min exploration at either 30 or 120 min (independent groups) with the same juvenile (P30, P120 sham and lesioned groups, respectively, n ¼ 7-9 each). During the test, the durations of 'social interaction', 'nonsocial exploration', and 'resting' were measured. 'Social interaction' was quantified as the sum duration of sniffing, grooming, or pawing elicited by the adult rat toward the juvenile. The category 'nonsocial exploration' comprised 'walking and sniffing around the cage', 'self-grooming', and 'rearing' (upright posture). 'Resting' was defined as the rat quietly lying on the floor. During this test, a very sensitive shortterm memory test, adults recognize the juvenile at a 30-min delay after each presentation, but after a 2-h delay the adults have forgotten it (Letty et al, 1997) . Finally, in experiment 1, separate groups of sham and lesioned rats (referred to as 'unfamiliar juvenile' groups) were tested following the same protocol, except for the fact that the juvenile was ever unfamiliar.
The rats' behavior during tests was recorded on videotape under white illumination. The tapes were later visualized and the behavior analyzed by keyboard entry to a computer programmed to perform statistical and ethological analyses. Videotapes were scored 'blind' by a highly trained observer (intrarater reliability X0.9). All behavioral tests were carried out during the last phase of the light period (18:00-20:00 h).
Postmortem Neurochemical Analysis
Three weeks after the lesions, the rats were killed by decapitation, the brains quickly removed and placed on ice, and bilateral prefrontal cortex and nucleus accumbens immediately dissected, weighed and frozen at À801C. Later, tissue samples were homogenized in 0.5 ml of an ice-cold solution containing 0.4 M HClO 4 , 0.5 M sodium acetate, and 0.5 M acetic acid, and centrifuged at 27 000 rpm for 60 min at 41C. The supernatants were decanted and filtered through a 0.45 mm filter (Sartorius), and frozen at À801C until highperformance liquid chromatography (HPLC) assay. The electrochemical performance was based essentially on the method described by Saito et al (1992) . Aliquots (10 ml) of each sample were injected directly into the HPLC system (System Gold, Beckman), consisting of a solvent delivery pump with a pulse-dampener, an automatic sample injector (Carnegie Medicine), and an analytical C18 reverse-phase column (Ultrasphere 3 mm particle size, 75 mm Â 4.6 mm ID, Beckman). The ESA model 5100 A Coulochem electrochemical detection system consisted of a model 5021 conditioning cell (detector setting +400 mV) followed in sequence by a model 5011 dual-electrode analytical cell (cell 1, +100 mV; cell 2, À260 mV). The output signal from the final electrode was amplified by a 5100 A controller and relayed to an integrator (Model 106, Beckman). The mobile phase for the separation of catecholamines and their metabolites was a mixture of 0.075 M Na 2 HPO 4 , 1.2 mM sodium heptanosulfonate, 0.097 mM EDTA, and 8% methanol (v/v) adjusted to pH 3.6. The buffer solution was filtered through a 0.45 mm membrane filter and degassed. The flow rate was set to 1.7 ml/min and pressure was around 2000 psi. The mobile phase was recycled for 2 weeks of continuous use before being replaced with fresh solution. The entire chromatographic system was run at ambient temperature.
Peaks of biogenic amines and metabolites were identified by comparing the retention time of each peak in the sample solution with that in the standard solution. Dihydroxybenzylamine (DHBA) was used as internal standard for extraction variability. The program System Gold 2.01 (Beckman) was used to calculate monoamines levels in each sample. The contents of dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), NA, and serotonin (5-HT) were quantified in the mPFC, and those of dopamine and DOPAC in the nucleus accumbens. Dopamine turnover was estimated by the DOPAC/DA ratio (calculated as pmoles).
Statistics
Neurochemical results were analyzed by using the Student's t-test for comparison of two independent groups. Regarding fear conditioning data, two-way ANOVA for repeated measures was used prior to post hoc Newman-Keuls test (fear conditioning, group as between variable, time after test as within variable). Sphericity of repeated measures was assessed before ANOVA treatment by using the Mauchly's W test for sphericity, in order to reveal that sphericity was not violated. For social interaction, two-way ANOVA was used prior to post hoc Newman-Keuls test (group and time as between variables). Since size populations were small, the data were logarithmically transformed (log[x]) before ANOVA treatment if variance was found not to be homogeneous as assessed by the F test.
RESULTS
Experiment 1
Neurochemical data. Regarding dopamine levels, 6-OHDA lesion induced a profound reduction of mPFC DA content (À76.8%, po0.01). The dopamine metabolite HVA was also significantly reduced (Table 1) , but not DOPAC, which was affected to a much lesser extent. The ratio DOPAC/DA, indicative of dopamine turnover, was found to be significantly enhanced in lesioned rats (+260.7%, po0.01). Prefrontocortical 6-OHDA lesion did not alter mPFC NA levels, but 5-HT levels were significantly reduced after prefrontocortical 6-OHDA lesion (À21.7%, po0.05).
As shown in Table 2 , prefrontocortical dopamine loss was followed by a significant increase in accumbal DA (+152.3% vs controls; po0.01) and, to a lesser extent, in its metabolite DOPAC (+32.5% vs controls; po0.05). The DOPAC/DA ratio was found to be 0.21 in sham rats, being reduced to 0.11 in lesioned rats, indicating a diminished DA 'turnover'.
Behavioral results
Contextual fear conditioning: During the conditioning test, percent time spent on freezing was similar in sham and lesioned groups (sham, 56.4 7 5.1%; lesioned, 60.8 7 5.6%), as shown in Figure 1 . A significant interaction effect for freezing duration was revealed by two-way ANOVA (df 5, 60; F ¼ 3.1, po0.05). No significant differences were found with respect to percent time spent on freezing (sham, 43 7 4%; lesioned, 38.1 7 3.2%), 30 min after the conditioning test (F0.5h) revealing that short-term fear conditioning developed in both groups. Post hoc significant differences were found in F3h, F1d, and F3d tests, because lesioned rats spent more time than sham rats displaying the freezing response at 3 h (F3h sham ¼ 28.2 7 3.1%; F3h lesioned ¼ 44.2 7 5%, po0.01), 1 day after conditioning (F1d sham ¼ 25.5 7 3%; F1d lesioned ¼ 40.8 7 4%, po0.01) and 3 days after conditioning (F3d sham ¼ 21.4 7 3%; F3d lesioned ¼ 29.8 7 3%, po0.05). Freezing was significantly reduced in sham rats during F3h, F1d, and F3d tests vs the corresponding F0.5h test (po0.01). Five days after conditioning no differences were observed between both groups (F5d sham, 14.7 7 1%; F5d lesioned, 17.7 7 2%), freezing being significantly diminished in both groups vs the corresponding F0.5h test (po0.01), indicating extinction of contextual fear in both groups. Regarding within-session 
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Prefrontal dopamine, fear conditioning and social interaction EF Espejo extinction, a similar percentage of within-session extinction of freezing was observed in 'shocked' sham and lesioned rats. However, extinction retention was impaired since spontaneous recovery of percent freezing duration was significantly enhanced in lesioned rats during F3h and F1d tests (po0.01), as shown in Table 3 . No differences in freezing responses were observed in the 'nonshocked' groups of sham and lesioned rats, and a significant habituation of freezing was observed in both groups during the last two tests (Table 4 ). All these findings indicate that there was a significant delay of extinction of contextual fear conditioning in 'shocked' rats after prefrontocortical dopamine loss.
Social interaction: As shown in Figure 2 , lesioned rats spent significantly less time exploring the juvenile than sham rats during the first exposition (P1 sham ¼ 89.8 7 8.7 s; P1 lesioned ¼ 45.8 7 5.4 s; po0.01), indicating that social interaction was reduced by the 6-OHDA-induced lesion. This significant difference was maintained at 30 min (P30 sham ¼ 57 7 4.3 s; P30 lesioned ¼ 26.8 7 3.2 s; po0.01). The difference between the first and second test was significant for both groups (po0.01), and the percent reduction in time spent exploring the familiar juvenile was similar (sham, À36.5 7 3.1%; lesioned, À41.5 7 3.9%). These data indicate that shortterm social interaction memory developed in sham and lesioned rats. The time spent on social interaction was returned to basal levels at 120 min after the test (P120 sham ¼ 81 7 6.7 s; P120 lesioned ¼ 61.8 7 7.7 s), and the duration of social interaction was found to be significantly different between both groups (po0.05), as well as with respect to the 30 min test in both groups (po0.01), indicating that short-term memory had worn off in every rat but duration of social interaction remained diminished in lesioned rats. Two-way ANOVA did not show any Within-session extinction Sham 10.7 7 1.1 8.5 7 2 8.8 7 0.8 9.4 7 1.8 8.9 7 1 6-OHDA 9.9 7 1.2 8.6 7 1.5 8.6 7 0.9 8.8 7 1.6 9.2 7 1
Spontaneous recovery Sham F À11 7 1.1 3.2 7 1 3.3 7 0.9 0.2 7 0.1 6-OHDA F 10 7 1.1** 8.1 7 1 ** 2.9 7 0.9 0.5 7 0.1 Mean 7 SEM. **po0.01 vs the sham group during the same test (Student's t-test). Within-session extinction was calculated as the difference of percent freezing duration between the fifth and the first minute of each test. Spontaneous recovery (index of extinction retention) was calculated as the difference between percent freezing duration between the first minute of the session and the last minute of the previous session. Abbreviations: F0.5h, F3h, F1d, F3d, F5d, 30 min, 3 h,1, 3, and 5 days after the conditioning test, respectively. interaction effect, further indicating that the time course of social interaction memory was similar in both groups, even though duration of social interaction was reduced after 6-OHDA lesion at every time point. Regarding 'nonsocial exploration' and 'resting', no differences between 'nonsocial exploration' were found for both groups of rats, but 'resting' was significantly enhanced in lesioned animals at every time point (po0.05), as shown in Table 5 . Regarding separate sham and lesioned 'unfamiliar juvenile' groups (tested against an unfamiliar juvenile following the same protocol), the time spent by lesioned rats interacting with the juvenile was reduced at every time point (po0.01 vs sham rats). 'Resting' was also enhanced at every time point in lesioned rats, and 'nonsocial exploration' was not significantly enhanced, confirming that social interaction was specifically reduced by the 6-OHDA-induced mPFC lesion leading to enhanced 'resting' behavior (Table 6 ).
Experiment 2
Neurochemical data. In the mPFC, 6-OHDA lesion induced a profound reduction of mPFC DA content (À79.8%, po0.01). A similar change was observed for HVA. The ratio DOPAC/DA was found to be significantly enhanced in lesioned rats (+245.5%, po0.01). Regarding neurochemical changes in the nucleus accumbens, 6-OHDA lesion induced a significant reduction of accumbal DA content (sham, 6125 7 832.2 pg/mg; lesioned, 1470 7 187 pg/mg; À76% reduction, po0.01), and the dopamine 'turnover' was significantly enhanced (sham rats, ratio ¼ 0.19; lesioned .01 vs the same group at the P1 test; 11po0.01 vs the same group at the P30 test. Abbreviations: P1, first social interaction test; P30, P120, at 30 and 120 min after the first social interaction test, respectively. Both groups followed a similar time-course of social interaction memory, even though time the spent on interaction was significantly diminished in the lesioned group at every time point. , at 30 and 120 min after the first interaction test, respectively. Both groups followed a similar time-course of 'nonsocial exploration', but 'social interaction' was reduced and 'resting' was enhanced at every time point in 6-OHDA-lesioned rats. .05 vs the same group at the P1 test. Abbreviations: P1, first interaction test; P30, P120 at 30 and 120 min after the first interaction test, respectively. Both groups followed a similar time-course of 'nonsocial exploration', but 'resting' was enhanced at every time point in 6-OHDA-lesioned rats.
rats, ratio ¼ 0.27; po0.05). In this context, it is supposed that the increase in DA 'turnover' reflects enhanced dopamine release and metabolism in the surviving DA neurons (Espejo and Miñano, 2001 ).
Behavioral results. Similar results to those obtained for rats only lesioned in the mPFC were obtained, as illustrated in Tables 7 and 8 . For contextual fear conditioning, the delayed extinction of contextual fear after prefrontocortical dopamine loss was not altered by added lesion of the mesoaccumbal dopaminergic system. Regarding social interaction, duration of social interaction remained diminished in lesioned rats, and this effect was not affected by added dopamine loss in the nucleus accumbens. Short-term social memory was also preserved.
DISCUSSION
The neurochemical data indicated that prefrontocortical dopamine levels fell to 23.2% (À76.8% reduction) after 6-OHDA lesion, and dopamine turnover was enhanced threefold, likely as a reactive response because of dopamine lesion in accordance with several authors (Bubser and Schmidt, 1990; Hemby et al, 1992; Kurachi et al, 1995) . Prefrontocortical serotonin levels were reduced to a much lesser extent, and noradrenergic content was not modified, an important fact because reduced noradrenergic activity after prefrontocortical dopamine loss can lead to paradoxical recovery of extracellular dopaminergic levels (Venator et al, 1999) . Interestingly, dopamine and metabolite contents were enhanced in the nucleus accumbens after 6-OHDA lesion, suggesting that there is an inverse relation between mesocortical and mesolimbic dopaminergic systems, as proposed by others Pycock, 1978, 1980; Pycock et al, 1980; Glowinski et al, 1984; Grace, 1991; Roberts et al, 1994; Kolachana et al, 1995; Kurachi et al, 1995) . Accumbal DA turnover was reduced after mPFC lesion, a fact that could be interpreted as reflecting a decrease in firing of DA neurons projecting to nucleus accumbens after DA lesion of the mPFC, in accordance with electrophysiological studies (Harden et al, 1998) . The findings support the hypothesis that a hyperdopaminergic tone emerges in the nucleus accumbens after prefrontocortical dopamine loss. It is possible that reactive neurochemical changes after prefrontocortical dopamine loss could also be detected in other sites connected with the mPFC such as dorsal striatum or midbrain areas, a topic that requires further research. Furthermore, an interaction between the experience of shocking and prefrontal lesion upon DA concentrations in shocked rats cannot be ruled out, a fact that also needs to be investigated further.
Regarding fear conditioned responses, the data indicated that acquisition and short-term memory of contextual fear conditioning was not impaired by 6-OHDA lesion within the mPFC. This finding is similar to that found for cued fear conditioning acquisition after prefrontal dopamine loss (Morrow et al, 1999) or mPFC lesion (Gewirtz et al, 1997; Quirk et al, 2000) , and strongly indicates that acquisition and short-term fear conditioning memory (cued or contextual) is not dependent on the dopaminergic activity of the mPFC. However, long-term extinction of contextual fear conditioning was reliably delayed in 'shocked' lesioned rats. This effect was not because of a performance deficit because: (i) freezing was not enhanced in 'nonshocked' lesioned rats, and (ii) although lesioned rats displayed more 'resting' behavior in the social interaction tests, this immobility response is quite different in nature to 'freezing' that represents an alerting response rather than a quietly resting behavior. Prefrontocortical lesions were also associated with a normal within-session extinction, but spontaneous recovery between tests was significantly enhanced in lesioned rats, pointing to impaired extinction retention after dopamine depletion of the mPFC. In this context, the extinction of cued fear conditioning is also delayed after dopamine depletion of the mPFC (Morrow et al, 1999) , and no changes in within-session extinction along with impaired extinction retention have been reported after mPFC lesions (Quirk et al, 2000) , revealing that similar changes on extinction are found in both types of conditioned fear after prefrontal dopamine loss, even though both types of fear conditioning rely on different neural systems (Phillips and Le Doux, 1992; Kim et al, 1993) . The data indicate that a normal dopamine activity within the prefrontal cortex is critical in coordinating the normal long-term extinction of fear conditioning, but mesoprefrontal dopamine neurons are not involved in the acquisition, short-term memory or within-session extinction of fearful behaviors. Contextual fear conditioning, unlike cued conditioning, involves hippocampal function (Phillips and Le Doux, 1992; Kim et al, 1993) , and the mPFC has extensive bidirectional connections with the hippocampus (Goldman-Rakic et al, 1984; von Hoesen et al, 1972 von Hoesen et al, , 1975 , apart from inputs to the amygdala and midbrain sites that mediate fear responses (Sesack et al, 1989) , indicating that dopamine activity in the mPFC could modulate the neural interaction between these areas involved in long-term memory of contextual fear conditioning. Finally, the normal acquisition and delayed long-term extinction of fear conditioning were not modified after added accumbal dopamine loss, even though it is known that dopamine metabolism is enhanced in the nucleus accumbens during conditioned fear (Morrow et al, 1996 (Morrow et al, , 1999 , indicating that this neurochemical change appears not to mediate contextual fear conditioning responses.
Regarding social interaction, the development of shortterm social interaction memory was not altered after prefrontocortical dopamine loss, as revealed by parallel time courses of social interaction memory for both sham and lesioned rats. It is evident that if time-course of social interaction memory was normal, there was clearly acquisition. Then, it can be concluded that both acquisition and short-term social interaction memory were not altered by prefrontal dopamine loss. However, the time spent on social interaction was reliably diminished in lesioned rats, a finding that is clearly in contrast with the fact that prefrontal transection enhances social interaction in rats Tucci et al, 2000) , suggesting that neurotransmitter systems other than the mPFC dopaminergic one are involved in this effect. The reduction of social interaction is difficult to explain, but it could be accounted for by a low attention level or disrupted cognitive processes, which are known to emerge after prefrontal dopamine loss (Lavielle et al, 1979; Herman et al, 1982) , leading to lower interest for exploring a conspecific. However, lesioned rats did not show an attentional deficit as revealed by normal (or augmented) responses in the contextual fear conditioning experiment, pointing to a cognitive deficit altering the normal performance in the social interaction task. It is known that the mPFC is critically involved in social interaction performance (Chaillan et al, 1997; Tucci et al, 2000) , and that there is a clear relation between prefrontal dopamine and 'cognitive performance' (Roberts et al, 1998) ; hence it can be hypothesized that an intact mPFC dopaminergic network is important for a normal social interaction activity. Resting behavior was increased in parallel to the reduction of social interaction in lesioned rats, a fact that could also be related to low interest in exploring a conspecific. Since serotonergic mPFC hypoactivity is known to reduce exploratory behavior as a whole (Lipska et al, 1992) , a role of added serotonergic mPFC hypoactivity on the enhancement of resting in lesioned rats cannot be ruled out. Changes in social interaction were not altered after added dopamine loss within the nucleus accumbens. In this context, dopamine neurotransmission in the nucleus accumbens is known to be enhanced during social interaction in normal rats Tucci et al, 2000) , but this neurochemical change appears not to mediate the time spent on social interaction according to the results of the present study.
In summary, the findings of the present study indicate that prefrontocortical dopamine loss leads to: (i) a delayed long-term extinction of contextual fear conditioning and impaired extinction retention without changes in acquisition and short-term contextual fear conditioning, (ii) reduction of time spent in social interaction without alteration of acquisition and short-term social interaction memory, and (iii) a reactive increase in dopaminergic activity in the nucleus accumbens without functional implication on observed changes.
